: The current inner tracker of the ATLAS experiment is foreseen to be replaced for the High-Luminosity era of the LHC to cope with the increase in occupancy, bandwidth and radiation damage. The new tracker consists of an all-silicon system, the Inner Tracker (ITk). It is built of both silicon pixel and silicon strip sub-systems aiming to provide tracking coverage up to |η|=4. For a high tracking performance, radiation hard and high-rate capable silicon sensors and readout electronics are important. Moreover, services and stable, low mass mechanical structures are essential and present challenges for the system design. Currently, a large prototyping programme is ongoing within the ITk pixel detector community. Components for larger structures with multiple modules based on the FE-I4 readout chips were produced and are in assembly and evaluation. This way the system integration and design is prototyped and validated. In the report, the latest evaluation and results of thermo-mechanical prototypes and fully electrical prototypes are presented. Important system relevant aspects and their application will be discussed.
Introduction
The entire tracking system of the ATLAS experiment [1] at CERN will be replaced during the LHC Phase-II shutdown by an all-silicon detector called the "ITk" (Inner Tracker). The new pixel detector will consist of five layers and will be instrumented with new silicon sensors and readout electronics to provide high tracking performance and to be able to cope with the HL-LHC environment in terms of occupancy, bandwidth and radiation damage. The baseline sensors are silicon sensors of n-in-p type which are read out by the new ASICs developed within the RD53 Collaboration [2] . Moreover, services and stable, low mass mechanical structures are essential for a low mass detector with high tracking performance. In addition, the new detector will be powered serially [7] [8] [9] which presents further challenges to the new pixel detector. This means up to twelve modules are powered in a chain. A large prototyping programme is ongoing within the ITk pixel detector community. The detector is build in different sub-systems, namely the outer endcap, the outer barrel layers and the inner two layers. Several prototypes have been built and tested or are under assembly and evaluation. In the following, results of thermal prototypes and of electrical prototypes will be presented.
Layout of the ITk pixel detector
The new pixel detector of the ATLAS experiment will consist of five layers and provide tracking coverage up to |η|=4. The layout presented in the technical design report is shown in figure 1 [3] . About 13 square meter of silicon pixel sensors are foreseen. Different sensor types and technologies are selected depending on the distance from the interaction point. 3D-sensors have been chosen as the baseline for layer-0 and planar sensors for the other layers. A high granularity is envisaged by pixel sizes of 50x50 µm 2 or 25x100 µm 2 . The 3D-sensors are bump-bonded to one front-end chip, so-called 3D-single chip modules. The planar sensors are assembled in so-called quad modules, four front-end chips are bump-bonded to one thin planar sensor. The foreseen planar sensor thickness is 100 µm for inner layers and 150 µm for the outer three layers. On top of the module, a flex hybrid is glued which routes power, clock and command to the chips. The interconnection is done via wirebonds. The design requires the encapsulation of the wirebonds which is a further challenge regarding radiation hardness and temperature range during operation. A further building block is the fast readout chain with the maximum L0 trigger rate of 4 MHz. The data transmission is foreseen with up to four links transmitting data at 1.28 Gbit/s (electrical) which are combined to 5.12 Gbit/s (optical). It is based on flexes on the local supports, cables and optical fibres. A further reduction of material is achieved by deploying serial powering and CO 2 cooling which allows thinner cooling pipes compared to mono-phase cooling. The serial powering scheme allows a reduced number of supply lines and an efficient power distribution with a radiation hard on-chip shunt-regulator [5] . It is used to regulate the voltage on the chip which is supplied with a constant current. A requirement for modules is that their data lines are AC-coupled because due to serial powering the reference potential is different for each module in a powering chain. One item under investigation is a so-called serial powering protection chip for bypassing failing modules and monitoring of temperatures and currents [6] .
Prototyping of modules
Both modules and support structures assembled with multiple modules were built and evaluated in several prototyping steps within the ITk community. More structures are currently under installation and evaluation.
Many modules based on sensors bump-bonded to two or four readout chips were assembled. They are using the FE-I4 front-end chip of the current inner pixel detector layer [4] . The FE-I4 chips have dedicated shunt-regulators that can be operated with a constant current as needed for serial powering to generate the internal chip supply voltage as needed for serial powering. Flex circuits are glued on top of the modules and interconnected via aluminium wirebonds. Several modules are shown in figure 2. The left photo shows a module for the endcap. The right photo displays modules with four (quad) and two (dual) front-end chips which are glued to flex circuits of different layouts. The prototyping allowed to get about 50 module assemblies with good performance. Noise levels 
Prototyping of multi-module structures
The support structures of the pixel detector are build from light-weight carbon-fibre composites. The modules are then glued to them. Depending on the detector region, different designs of local supports were developed in the collaboration. Drawings for the different detector areas can be seen in figure 3 for the different detector areas. The local supports for the two inner layers are designed as rings and staves. In the endcap region of the three outer layers, half-rings are used as local support for modules. The three outer barrel layers are designed as units of half-rings with inclined modules and longerons. The latter are filament-winded carbon structures with lengths of about 80 cm. The lengths of the serial powering chains are varying, too. They vary between eight and twelve modules. All designs aim for high thermal and electrical performance which allow a stable and safe operation. In order to achieve this the validation of designs is ongoing with various prototypes.
Thermal prototypes
Several thermal prototypes were assembled and are under test. Figure 4 shows one thermal prototype. It is an endcap half-ring equipped with temperature sensors glued on heaters which can be powered. The power can be varied between 0.1 and 0.7 W/cm 2 to cover the full operation orange. The latter is the nominal power consumption at the end-of-life of the detector. The prototype is mounted in an environmental box and cooled with CO 2 at an inlet temperature of -10 • C. Measurements of the temperature sensors allow to evaluate the thermal performance. The evaluation of thermal performance and variations during manufacturing of the local supports is ongoing. Initial results match the thermal specifications of the detector. 
Electrical prototypes
Electrical prototypes are comprised of carbon composite structures, flex tapes and electrical pixel modules. Various prototypes are under installation and test. Results will be presented in section 5. For the endcap, a stave was built with 12 quad modules which are based on the FE-I4 chip. The left photo of figure 5 shows the stave during integration. Two modules and the end-of-stave card were mounted at this stage of the assembly process. The card connects the stave services to power supplies and readout electronics. A second prototype is being installed by the endcap community. It is a half-ring built of carbon fibre composite material and carbon foam. The structure and services will be closer to the final ones compared to the stave. The loading of modules is currently ongoing. It will allow the evaluation of 12 modules in two serial powering chains. For the outer barrel layers, a prototype was built which consists of a longeron with seven quad modules and includes flex services for powering and data transmission. The modules were first loaded on aluminium-graphite local supports which are then screwed to the longeron mounts with a thermally efficient contact to the cooling pipes. This is shown in the right photo of figure 5 . The seven modules have been connected to the flex services. This required bending of the module flex tails on top of the modules. On the flex for powering, serial protection powering chips are mounted for each module. In case of a module failure, this chip can bypass the module and keep the serial powering chain operational. In addition, the chip monitors low voltage drop of the supply voltage across the module. The chip monitors also the temperatures of module and provides a protection in case of over-temperature and over-voltage [10] .
A further larger prototype is under installation in the outer barrel community. It will consist of a longeron of 1.6 m length and 46 modules. It is used to define and exercise the assembly procedures on a larger amount of modules and will allow the evaluation of many system aspects. 
System test results with electrical prototypes
Specific test setups are required for the evaluation of electrical prototypes. They were installed at various institutes and consist of both high voltage power supplies, current sources for operating the serial powering chains and capability for interlocking in case of detector, cooling or setup failures. At CERN an elaborate setup was installed which includes user interfaces for detector interlock, control and monitoring and diagnostics. It also contains a motorised stage for tests with radioactive sources. Moreover, low voltage cables of up to 100 m length are available to be tested. They have a similar length like during detector operation and allow to measure the expected voltage drop.
These setups are in use for evaluation of the prototypes. Moreover, the prototype power supplies for serial powering, interlock and detector control system and multi-module readout are tested. By this full prototypes are evaluated and the system design verified.
One first result is that all modules could be operated on the stave of the endcap in one serial powering chain. It required a specific power-on sequence which is a feature of the FE-I4 chip. The threshold of the discriminators in every single pixel could be tuned to about 1500 electrons for most modules. The noise is measured to be low (less than 200 electrons) and only a small number of pixels had to be masked. For both the stave of the endcap and longeron with seven quad modules of the outer barrel layers, it was found that there is no noise increase after the modules are mounted onto the local supports compared to measurements of modules standalone. The longeron with seven quad modules was also evaluated with different readout systems. The modules are connected to one serial powering chain. There are two HV lines with a common return line. This results in a small forward bias of the last module in the chain, the one with the lowest local ground, in case the low voltage is on but the high-voltage is off. This can be mitigated with a high-voltage power supply with a high-ohmic off-mode. One test result of a measurement with a Sr90 source and seven quad modules is shown in figure 6 . Despite several modules not being fully-functional from the beginning in this first prototype, it shows the multi-module readout of a serially powered chain of modules. Figure 6 . Source scan result of seven quad modules. The modules were not fully-functional from the beginning in this first prototype.
In future, further prototypes are foreseen to be built with modules with readout chips of the RD53 Collaboration. The aim is to qualify the data transmission and serial powering chain with close-to-final services.
Summary
The entire tracking system of the ATLAS experiment will be replaced by an all-silicon tracking detector during the Phase-II upgrade of the LHC. The ITk pixel detector community is working on the validation of the design with full-size prototypes. Several prototypes based on FE-I4 modules were successfully assembled. Serial powering chains of up to twelve modules are fully functional. The prototypes are performing well and some features were found like the forward sensor bias under certain conditions. The measurement results lead to modifications of the design and specifications of various components, e.g. power supplies. The collaboration gained a lot of experience with multi-module prototypes. Larger prototypes are foreseen with modules based on FE-I4 chips and further ones with sensors and RD53 front-end chips.
